Epigenetic drift and age-related methylation have both been used in the literature to describe changes in DNA methylation that occurs with aging. However, ambiguity remains regarding the exact definition of both of these terms, and neither of these fields of study explicitly considers the impact of environmental factors on the aging epigenome. Recent twin studies have demonstrated longitudinal, pair-specific discordance in DNA methylation patterns, suggesting an effect of the environment on age-related methylation and/or epigenetic drift. Supporting this idea, other new reports have shown clear environment-and toxicant-mediated shifts away from the baseline rates of age-related methylation and epigenetic drift within an organism, a process we now term "environmental deflection." By defining and delineating environmental deflection, this contemporary review aims to highlight the effects of specific toxicological factors on the rate of DNA methylation changes that occur over the life course. In an effort to inform future epigenetics-based toxicology studies, a field of research now classified as toxicoepigenetics, we provide clear definitions and examples of "epigenetic drift" and "age-related methylation," summarize the recent evidence for environmental deflection of the aging epigenome, and discuss the potential functional effects of environmental deflection.
Increasing evidence supports the developmental origins of health and disease (DOHaD) paradigm, which posits that exposure to environmental factors (eg, diet, chemicals, stress, etc.) during critical periods of life (eg, pre-conception, gestation, infancy, adolescence) alters disease susceptibility later in life by influencing developmental plasticity (Bateson et al., 2004 , Heindel et al., 2015 . As support for DOHaD accumulates, it has been shown that developmental exposure to environmental factors can alter gene regulation and subsequent phenotype through changes in the epigenome (Waterland and Jirtle, 2004; Waterland and Michels, 2007) ; this field of research is now classified as "toxicoepigenetics."
Epigenetics refers to the study of heritable and potentially reversible changes in gene expression unrelated to the DNA sequence. Epigenetic marks include chromatin remodeling modifications (eg, histone tail trimethylation), non-coding RNA, and alterations to DNA itself (eg, DNA methylation) (Egger et al., 2004; Bernal and Jirtle, 2010) . DNA methylation is a wellcharacterized epigenetic control mechanism, and is typically defined as the addition of a methyl group to the 5'-carbon of cytosine in a Cytosine-phospho-Guanine (CpG) dinucleotide-5-methylcytosine (5-mC). In general, DNA methylation is associated with decreased transcription factor binding at promoter/ enhancer sites, as well as decreased gene transcription (Medvedeva et al., 2014) . Previous work have documented distinct waves of demethylation and de novo methylation that occur during fetal development (Reik et al., 2001; Smallwood and Kelsey, 2012) , as well as evidence that these waves of epigenetic reprogramming help regulate primordial germ cell proliferation and differentiation (Messerschmidt et al., 2014) .
Although epigenetic reprogramming events are typically tightly regulated, 5-mC levels have been shown to change in response to environmental exposures during early development (Bernal and Jirtle 2010; Anderson et al., 2012; Manikkam et al., 2013) , adolescence (Essex et al., 2013) , and even adulthood (Wright et al., 2010; Tellez-Plaza et al., 2014) . For example, animal studies have demonstrated that offspring DNA methylation is associated with developmental exposure to a variety of environmental factors, including lead (Pb) (Dosunmu et al., 2012) , altered diet (Vucetic et al., 2010 , Marco et al., 2014 , vinclozolin (Guerrero-Bosagna et al., 2012) , arsenic (Reichard and Puga 2010) , bisphenol A (BPA) (Kim et al., 2014) , trichloroethylene (TCE) (Gilbert et al., 2012) , ethanol (EtOH) (Kaminen-Ahola et al., 2010; Laufer et al., 2013; Marjonen et al., 2015) , diesel exhaust (DE) (Tachibana et al., 2015) , and stress (Dong et al., 2015) . Although this review focuses mainly on DNA methylation, there is also evidence that environmental factors may influence other epigenetic modifications including posttranslational histone tail modifications (Arita et al., 2012) , overall chromatin state (Schick et al., 2015; Veazey et al., 2015) , and DNA hydroxymethylation (Tammen et al., 2014) .
AGE-RELATED METHYLATION AND EPIGENETIC DRIFT: TWO TYPES OF CHANGE OVER THE LIFE COURSE
Although there has been a heavy focus in the environmental health sciences literature on the association between toxicological factors and the epigenome in cross-sectional studies and in utero exposure models, a number of molecular epidemiology and genomics studies have evaluated DNA methylation status as a function of age in humans and animal models. The aging epigenome was first described thirty years ago, when early investigations showed that levels of CpG methylation in human fibroblast cells and pooled mouse tissues were inversely related to lifespan (Fairweather et al., 1987; Wilson et al., 1987) . More recently, a large number of studies have demonstrated agedependent changes in DNA methylation, including twin studies (Fraga et al., 2005; Martino et al., 2013) , human cohort studies (Alisch et al., 2012; Heyn et al., 2012; Madrigano et al., 2012; Wang et al., 2012; Urdinguio et al., 2016) , and animal model studies (Maegawa et al., 2010; Spiers et al., 2016) . Among the classically defined epigenetic marks, DNA methylation is most often investigated in epigenetic aging studies because of its stability and the availability of high throughput quantification methods. Studies investigating the aging epigenome show some consistent patterns, including locus-specific increases in DNA methylation with age , global decreases in DNA methylation with age Issa, 2014) , and bidirectional changes in DNA methylation variability over time (Shah et al., 2014; Jones et al., 2015) . To describe the epigenomic changes that occur in conjunction with chronological age, the literature has settled on two terms-age-related methylation and epigenetic drift (Issa, 2014; Jung and Pfeifer, 2015) . Here, we aim to define and distinguish age-related methylation and epigenetic drift, and then later describe environmental deflection as the effects of environmental exposures on both phenomena.
Age-related methylation is traditionally defined as predictable, direction-specific changes in DNA methylation levels that occur with normal aging (Jung and Pfeifer, 2015) . This concept is closely linked to the "epigenetic clock" proposed by Horvath, which showed that biological age could be reliably predicted from DNA methylation levels at specific CpG sites across the genome (Horvath, 2013) . Results from the literature demonstrate that age-related methylation occurs both at specific gene regions (Jung and Pfeifer, 2015) and on an epigenome-wide scale (Heyn et al., 2012) . Additionally, a recent review of the aging epigenome noted that the directionality of age-related methylation-hypomethylation or hypermethylation-varies by gene region (Jones et al., 2015) . Considered together, these results suggest that age-related methylation is a complex process that can vary by genomic context. Further supporting this idea, agerelated methylation has been shown to vary by tissue type. Day et al. looked at methylation array data from four different human tissue types-blood, kidney, brain, and skeletal muscleand found both tissue-independent and tissue-dependent methylation changes associated with age (Day et al., 2013) . Based on the age-related methylation changes common to multiple tissue types, the authors assert that age-related methylation is not stochastic, and may be biologically meaningful.
In contrast to age-related methylation, epigenetic drift refers to stochastic, bidirectional changes in epigenetic (eg, DNA methylation) variability with age (Jones et al., 2015) . These changes, which may alter methylome plasticity, are thought to be a result of methylation maintenance failure during cellular replication (Fraga et al., 2005; Teschendorff et al., 2013) . Unlike an age-related methylation, epigenetic drift is not a predictable process; instead, it can be conceptualized as the direct result of random inefficiencies in biological machinery that occur with age (Shah et al., 2014; Jones et al., 2015) . As such, epigenetic drift is not expected to be consistent across individuals within a population, and cannot be used to the predict age. Nevertheless, this concept is critical for describing the epigenetic discordance that arises in monozygotic twins as they age (Fraga et al., 2005) , and can also help explain results from cross-sectional studies that show increased epigenetic variability with advanced age (Talens et al., 2012) . Baseline levels of epigenetic drift are expected to occur regardless of specific environmental exposures, providing a background rate of increased variability that occurs in tandem with site-specific age-related methylation changes. Supporting this idea, a recent study found an interaction between epigenetic drift and age-related methylation at specific "epigenetic clock" CpG sites, showing an increased effect of environmental or stochastic influences with increasing age (van Dongen et al., 2016) . This suggests that the relative contribution of epigenetic drift to the aging epigenome (ie, longitudinal DNA methylation) varies across the lifecourse.
ENVIRONMENTAL DEFLECTION OF THE AGING EPIGENOME
Studies suggest that both age-related methylation and epigenetic drift are affected by exposure to environmental factors. For example, a recent twin cohort study demonstrated longitudinal, pair-specific DNA methylation divergence, indicating a possible interaction between the environment and age-related methylation (Martino et al., 2013) . Of particular interest to the field of toxicology, additional reports indicate that environmental exposure to exogenous environmental factors (eg, lead (Pb), altered diet) can alter the rate of either age-related methylation Kochmanski et al., 2016) or epigenetic drift (Gilbert et al., 2016) across the life course. These results indicate that an interaction between age and exposure exists, and that investigations into the effects of environmental exposure on DNA methylation should not be limited to crosssectional analyses. However, although these papers discuss a role of the environment in establishing rates of "epigenetic drift" and/or "age-related methylation," they do not provide a specific mechanism by which the environment could shape the aging epigenome.
In an effort to improve clarity and interpretation of epigenetic studies in both animal models and human cohorts, we propose a new term for this mechanism-environmental deflection-that refers to an environment-or toxicant-mediated shift away from the baseline rate of age-related methylation or epigenetic drift within an organism. By altering longitudinal patterns of epigenetic marks, environmental deflection may facilitate long-term changes in gene regulation via specific environmental exposures, showing the greatest effects during critical periods of growth and development. As such, environmental deflection may underlie the apparent delay between developmental exposure and biological effects later in life. This type of long-lived, toxicant-sensitive epigenetic mechanism may also help to explain the growing prevalence of chronic diseases in human populations, demonstrating that longitudinal measures of the epigenome should be considered when designing future toxicoepigenetic and epigenetic epidemiological studies.
Conceptual Model for Environmental Deflection
In an effort to establish a clear conceptual framework for environmental deflection, we have utilized a visual bow and arrow metaphor that takes into account exposure timing and agerelated methylation (Figure 1 ) . Time zero in our model represents the period of initial developmental epigenetic programming, the flight of the arrow represents the rate of age-related methylation, and deviations in the flight path represent environmental deflection. Figure 1A demonstrates how epigenetic status at a specific locus or global marker can change with age or be deflected by an environmental exposure away from agerelated hyper-or hypomethylation. Respectively, these endpoints can be conceptualized as the arrow striking its target and the arrow missing the target by a significant amount. Figure 1B shows the environmental deflection of epigenetic drift for a population; the shaded area is the normal range of DNA methylation variability for the population. If a subset of the population (dotted circle) is exposed to specific toxicant exposures (vertical dotted arrows) during the early developmental time period (large vertical dotted arrow), the trajectory over time at labile genes could be deflected outside the normal range of variation, depicted by the dotted lines. When firing a real-life arrow, the greatest opportunity to affect the arrow's flight occurs at release. Assuming environmental deflection works in a similar way-as suggested by developmental plasticity theory (Wells, 2014) -the greatest opportunity to affect the normal trajectory of age-related methylation and/or epigenetic drift (ie, the arrow's flight) is early in life (ie, the release point). However, much like wind or other outside force can alter the path of an arrow after release, environmental deflection can also occur at other points throughout an organism's life course ( Figure 1B ). To test this conceptual model in real populations, longitudinal studies with adequate early life exposure data and repeated epigenetic assessments are recommended to identify epigenetic loci with deflected methylation measurements.
EVIDENCE FOR ENVIRONMENTAL DEFLECTION

Epigenetic Discordance and Variability in Human Twin Studies
As a byproduct of their identical genetic background, monozygotic twin pairs are ideal for investigating the role the environment plays in shaping the aging epigenome while controlling for genetic effects. In 2005, a landmark paper by Fraga et al. demonstrated divergence of DNA methylation status with age in separate identical twin populations (Fraga et al., 2005) . Although this study was not longitudinal, the results suggest that the environment and lifestyle, not simply genetics, is driving age-associated changes in human methylation status. A more recent report demonstrated that newborn monozygotic (MZ) twins exhibit distinct patterns of inter-individual DNA methylation variation, indicating that the environment plays a role in determining the neonatal methylome (Ollikainen et al., 2010) . Building off these ideas, Talens et al. found locus-specific increases in within-twin pair methylation discordance across the adult life course (18-49 years old), a pattern that was attributable to the individual's unique environment at most investigated loci (Talens et al., 2012) . Extending twin studies to an epigenome-wide scale, several newer studies have investigated age-related changes in DNA methylation in twin pairs using Illumina BeadChips (Bell et al., 2012; Lé vesque et al., 2014; van Dongen et al., 2016) . These studies have shown region-specific hypermethylation with age in adult MZ twins (Bell et al., 2012) , high levels of within-pair DNA methylation variability in adolescent twins (Lé vesque et al., 2014) , and significant interaction between environmental effects and age at 32,234 CpG sites across the epigenome (van Dongen et al., 2016) . Combined, the results from these twin studies support the idea that the environment plays an integral role in shaping the epigenome throughout human aging. However, by their very nature, twin studies are not able to tease apart the separate effects of environmental factors on epigenetic drift and age-related methylation, and do not examine interactions between specific exposures and the aging epigenome.
Human Environmental Deflection Studies
Supplementing the available twin studies, a handful of recent non-twin human cohort studies have examined environmental deflection of epigenetic drift or age-related methylation by toxicants and other lifestyle factors. Building off the smaller scale methylation array and global methylation results noted previously, a recent publication used the Illumina 450K BeadChip to examine the effects of exposure on epigenome-wide DNA methylation at >450,000 CpG sites in blood samples from a human cohort (Shah et al., 2014) . Within this study, Shah et al. showed that smoking-associated CpG probes exhibited diminished epigenetic drift, suggesting an environmental deflection of the drift rate by smoking status. Similarly, a recent publication from Horvath et al. showed that increased body mass index (BMI) was associated with accelerated age-related methylation at 353 CpG sites in human liver samples, suggesting that nutritionallyinduced oxidative stress and metabolic alterations may deflect the rate of age-related methylation (Horvath et al., 2014) . These results indicate that environmental deflection of both epigenetic drift and age-related methylation may occur on an epigenome-wide scale in human populations.
Although specific exposures can be difficult to quantify in human populations, several studies have evaluated stress events as definable representations of the human environment, examining environmental deflection of age-related methylation by stress (Boks et al., 2015; Zannas et al., 2015; Brody et al., 2016) . The first of these papers, Boks et al. 2015 , found that traumatic stress in soldiers deployed in Afghanistan significantly accelerated age-related DNA methylation in blood samples, suggesting a stress-mediated modification to the rate of epigenetic aging, and evidence that environmental deflection is not strictly limited to a developmental time period (Boks et al., 2015) . Complementing this result, Zannas et al. demonstrated that cumulative lifetime stress was associated with an increased rate of age-related DNA methylation in blood (Zannas et al., 2015) , and a 2016 study by Brody et al. showed that harsh parenting during childhood also had an effect on age-related methylation in blood samples (Brody et al., 2016) . Considered together, these recent human studies indicate that stress exposures at various life course stages are associated with modifications to agerelated methylaton in human cohorts, supporting a model of environmental deflection that is dynamic throughout life ( Figure 1B ).
Animal Model Environmental Deflection Studies
Although it is difficult to examine the effects of single exposures in human populations, a number of animal experiments have indicated that prenatal toxicant exposures (eg, lead, ethanol, high-fat diet, etc.) alter the establishment of DNA methylation marks during development, and several reports have shown that these environment-induced changes in DNA methylation may be carried over into adulthood (Dosunmu et al., 2012; Laufer et al., 2013; Marco et al., 2014) . However, most of the animal studies investigating the effect of environmental factors on DNA methylation utilize cross-sectional CpG methylation as an outcome, and are thereby unable to answer an important question: do prenatal environmental exposures modify the rates of age-related methylation or epigenetic drift?
A small number of recent animal model studies have begun to address this question, showing environmental deflection by exposure to experimentally controlled environmental factors. For example, using paired mouse tail tissue, Faulk et al. found that perinatal exposures to lead (Pb) altered the rate of agerelated methylation in the promoter of a murine imprinted gene, Igf2r, as well as a metastable epiallele, Cabp IAP . Similarly, using paired mouse tail tissue, we demonstrated that perinatal exposure to high-fat diet (HFD) altered the rate of age-related hypomethylation at conserved CpG sites within the Intracisternal A-Particle (IAP) class of retrotransposons (Kochmanski et al., 2016) . Comparing tail DNA methylation from postnatal day 21 (PND21) and 10 months of age, we found a steeper rate of age-related IAP hypomethylation in mice exposed to HFD compared to control. Additionally, HFD-exposed mice showed a significant increase in PND21 methylation at the Igf2 imprinted locus compared to control, suggesting a pattern of exposure-induced premature epigenetic aging at this particular gene region. Examining epigenetic drift, a third study in mice tested whether adult trichloroethylene (TCE) exposure would alter DNA methylation variance in CD4 þ T cells across the time-course of exposure (40 weeks) (Gilbert et al., 2015) . For this study, the authors used bisulfite sequencing to compare longitudinal CD4 þ T cell methylation at specific gene regions between TCE-exposed and control mice. They demonstrated a TCE-dependent increase in naïve CD4þ T cell methylation variance at several gene regions, indicating that epigenetic drift can be shifted away from baseline by a chemical exposure.
Together, these animal studies provide direct, exposure-specific evidence for environmental deflection of both age-related methylation and epigenetic drift.
THEORETICAL EXAMPLES OF AGE-RELATED METHYLATION, EPIGENETIC DRIFT, AND ENVIRONMENTAL DEFLECTION
The recent human and animal studies reviewed above indicate that exposure to defined environmental factors can deflect the rates of both epigenetic drift and age-related methylation. To further clarify potential interactions between age-related methylation, epigenetic drift, and environmental deflection, we have generated a collection of theoretical aging epigenome scenarios (Figure 2 ). Figure 2 presents average DNA methylation and standard error from a single tissue type for a hypothetical study population sampled at three time points (T1 ¼ birth, T2 ¼ adolescence, and T3 ¼ middle-age). Although not exhaustive, a number of possible scenarios are included: A. no age-related methylation, baseline epigenetic drift ( Figure 2A) ; B. no agerelated methylation, environmental deflection of epigenetic drift ( Figure 2B ); C. normal age-related hypomethylation, baseline epigenetic drift ( Figure 2C ); D. normal age-related hypomethylation, environmental deflection of epigenetic drift ( Figure 2D ); E. environmental deflection of age-related hypermethylation, baseline epigenetic drift ( Figure 2E ); F. environmental deflection of both age-related hypermethylation and epigenetic drift ( Figure  2F ). It is likely that the perfect linear relationships presented in our theoretical figures will not carry over to data collected from real tissue, but Figure 2 does provide a visual representation for the concepts of age-related methylation, epigenetic drift, and environmental deflection, and further indicates the potential interactions between all three concepts. Future studies are needed to identify whether the specific genetic loci exhibit the patterns indicated in our theoretical examples.
MECHANISMS AND PHENOTYPIC CONSEQUENCES OF ENVIRONMENTAL DEFLECTION
Mechanisms
To understand how environmental exposures influence epigenetic drift or age-related methylation, we must first consider the mechanisms that underlie life course changes. Current theory holds that epigenetic drift is largely driven by the accumulation of errors in epigenetic maintenance machinery, leading to gradual loss of methylation in hypermethylated regions and gain in hypomethylated regions. Supporting this theory, higher rates of epigenetic drift are observed in proliferative tissues (Day et al., 2013; Issa, 2014; Oh et al., 2016) . In addition to random errors, chromatin structure and protein-DNA interactions may influence the probability of epigenetic drift occurring in a given genomic region. DNA methyltransferase 1 (DNMT1) often occupies hypermethylated genes bodies and bivalent chromatin. The loss of DNMT1 binding can lead to a breakdown in chromatin boundaries over time, thereby facilitating the spread of methylation into gene promoters and loss of methylation in gene bodies (Day et al., 2013) . Separate from DNMT1 binding effects, regions of the epigenome that are critical for health may be targeted for epimutation repair or protected from errors indirectly by gene expression machinery (Issa, 2014) . For example, the Sp1 and Sp3 transcription factors, as well as RNA Polymerase II, are associated with resistance to de novo methylation in promoter regions (Boumber et al., 2008; Takeshima et al., 2009) . Similar DNA-protein interactions likely influence agerelated methylation and epigenetic drift. Additional insights into potential mechanisms can be gleaned from research that examines the relationship between cancer and accelerated epigenetic aging. Research shows that steroid receptor mutations in breast cancer are associated with accelerated epigenetic aging, suggesting that changing steroid hormone levels or response across the life course may influence epigenetic aging in some tissues (Horvath, 2013) . Although hypermethylation of the promoters of polycomb group protein target genes is observed in both cancer and age-related methylation (Teschendorff et al., 2010) , the regulation of genes such as Ezh2, shown to prevent this response, across the life course may influence when hypermethylation occurs (Hasegawa et al., 2016) . As such, it is possible that steroid hormone levels or epigenetic regulators-ie, polycomb group proteins-are involved in environmental deflection of the aging epigenome.
Given the many players involved in epigenetic drift and agerelated methylation, one can envision multiple avenues of disruption by environmental toxicants that would alter rates of epigenetic drift and/or aging. Epigenetic drift or age-related methylation could be accelerated by exposures that directly inhibit epigenetic machinery (eg, DNMT1, TET1) or indirectly alter available levels through changes in signaling and gene expression. For example, developmental Pb exposure is associated with decreased expression of DNA methyltransferases and methyl-binding protein in adult monkeys (Bihaqi et al., 2011) . Alternatively, environmental deflection may be mediated by an inflammatory response or oxidative stress, biological processes that are induced by toxicant exposure and may alter the epigenome. Although inflammation is hypothesized to influence the aging epigenetic profile by inducing stem cell proliferation (Issa, 2014) , oxidative stress activates TET and impacts the pool of methyl donors available through the one-carbon metabolism pathway (Kalani et al., 2014; Chia et al., 2011) . It is likely that all of these factors contribute to environmental deflection, but additional research is needed to elucidate critical periods of susceptibility and the mechanisms underlying deflection by specific toxicants.
Phenotypic Consequences
The potential phenotypic implications of environmental deflection are evident in monozygotic twins discordant for disease.
Although monozygotic twins share genetics and a portion of the early-life environment, they exhibit discordance for a number of diseases-cancers, schizophrenia, diabetes, and autism spectrum disorders (ASD) (Castillo-Fernandez et al., 2014) . Concordant with disease, both environmental exposures and the epigenome of monozygotic twins diverge with age (Fraga et al., 2005) , suggesting that environmental deflection may play a role in twin disease discordance. Epigenetic differences associated with disease status have been discovered in twin studies for an array of diseases including type I and II diabetes, schizophrenia, and cancers (Castillo-Fernandez et al., 2014) . As an example, one study showed differentially methylated sites (DMS), including genetically independent DMS, by type II diabetes status among monozygotic twins (ages >40 years). DMS were enriched in disease-relevant pathways (eg, insulin sensitivity), and some were replicated in a cohort of unrelated cases and controls (Yuan et al., 2014) . As a second example, a study of 15-year old monozygotic twins found DMS associated with Autism Spectrum Disorder (ASD) or ASD-related behaviors in blood leukocyte DNA (Wong et al., 2014) . However, due to the cross-sectional nature of these studies, we cannot determine whether the DMS were a result of toxicant-mediated environmental deflection, stochastic differences in the intrauterine environment experienced by each twin, or the disease phenotype itself. To provide better evidence for environmentally-labile regions of the epigenome that change over time and contribute to disease onset, future studies could interrogate the epigenome longitudinally via archived samples (eg, neonatal bloodspots) and matched samples at recruitment.
Further insight into the phenotypic implications of environmental deflection can be gained from the literature on the aging epigenome. In general, past studies suggest that the aging epigenome is characterized by hypomethylation of repetitive elements and hypermethylation of specific regions (eg, CpG   FIG. 2 . Theoretical aging epigenome scenarios. Average DNA methylation and standard error at one CpG site from a single tissue type are shown for a hypothetical study population sampled at three time points (T1¼ birth, T2 ¼ adolescence, and T3 ¼ middle-age). Possible scenarios include but are not limited to: (A) no age-related methylation, baseline epigenetic drift, (B) no age-related methylation, environmental deflection of epigenetic drift, (C) normal age-related hypomethylation, baseline epigenetic drift, (D) age-related hypomethylation and environmental deflection of epigenetic drift, (E) environmental deflection of age-related hypermethylation, and baseline epigenetic drift, and (F) environmental deflection of both age-related hypermethylation and epigenetic drift. Changes could have occurred gradually over time or suddenly at a specific developmental time point. islands), patterns also observed in many cancerous tissues Yuan et al., 2015) . Some age-related hypermethylation serves a clear biological purpose-for example, shutting down developmental genes . On the other hand, age-related changes in methylation are also enriched in pathways involved in stem cell differentiation and may lead to epigenetic mosaicism within stem cells, a process linked to improper, selective cell proliferation (Issa, 2014) . These changes in the stem cell population can increase risk for cancers and other disorders more common among the elderly, suggesting a mechanism by which environmental deflection of the aging epigenome could alter predisposition for chronic disease development. Accelerated epigenetic age has recently been associated with all-cause mortality, cancer mortality, and Alzheimer's Disease neuropathology and memory decline (Levine et al., 2015; Chen et al., 2016; Perna et al., 2016) . Environmental exposures that speed up agerelated methylation and/or epigenetic drift could increase risk of disease earlier in the life course; alternatively, protective exposures could decrease epigenetic aging at key loci ( Figure 2E and F). Based on this proposed mechanism, a better understanding of environmental deflection patterns could assist in the development of interventions that decrease risk for chronic disease.
FUTURE DIRECTIONS
Thorough characterization of epigenetic drift, age-related methylation, and environmental deflection could help inform intervention strategies, identify and protect sensitive populations, and improve later-life disease outcomes. However, this will only be possible with thoughtful study design and sample collection/storage methods that consider the following limitations.
Distinguishing between expected age-related change and exposure-mediated deflection in humans may be difficult for a number of reasons, including limited level of variable control, inherent cohort bias, and/or missing exposure data. These limitations could introduce confounding factors that must be accounted for during data analysis. In addition to potential confounding, much of the human aging epigenome literature utilizes DNA sourced from advanced age cohorts, a study design that presents two major design issues: first, it is difficult to assess the effects of early-life exposure on long-term epigenetic changes; second, it is not possible to determine whether agerelated diseases are the cause or the effect of measured epigenetic changes. Recent evidence shows a pattern of increased DNA methylation early in life followed by a gradual loss in adulthood (Jones et al., 2015) ; however, there are very few human studies that have co-investigated age-related epigenetics and exposure effects in the context of early-life. As such, it is difficult to pinpoint exact periods of exposure susceptibility when discussing longitudinal DNA methylation patterns. Research also suggests a convergence of DNA methylation patterns at the very late stages of human life (Oh et al., 2016) , indicating that epigenetic patterns measured from advanced age cohorts may differ from those that occur during adolescence or middle-age, when many chronic diseases begin to develop. In addition to utilizing samples from individuals of advanced age, many human cohort epigenetic studies focus on a single target tissue-peripheral blood leukocytes. Although bioavailable tissues are a necessity for human studies, a recent paper from Day et al. showed that age-related patterns in DNA methylation are tissue-specific (Day et al., 2013) , suggesting that age-related epigenetic patterns in a single tissue may not reflect the entire organism. This complicates the interpretation of human epigenetic data, highlighting the importance of integrating results from stem cell and animal model studies.
Longitudinal animal exposure studies provide large sample sizes, a controlled developmental environment, controlled genetics (if using inbred strains or genetically diverse strains such as the collaborative cross), and a number of available tissue types, making them ideal for investigating environmental deflection. Despite these strengths, relatively few longitudinal animal model experiments have examined the effects of environment exposures on life course epigenetics. To gain a true understanding of the dynamics between environmental toxicants, aging, and the epigenome, the field of toxicoepigenetics must shift the focus from cross-sectional exposure studies to animal studies that investigate the relationship between developmental toxicant exposure, longitudinal DNA methylation, and phenotypic information on disease outcomes. The Toxicant Exposures and Responses by Genomic and Epigenomic Regulators of Transcription (TaRGET II) program, funded by the US National Institutes of Environmental Health Sciences (NIEHS), is a current research consortium that will evaluate environmental deflection by several toxicant exposures in multiple murine tissue types. These types of future studies should consider environmental deflection of both age-related methylation and epigenetic drift, simultaneously measuring the effects of exposure on longitudinal changes in absolute methylation and methylation variance ( Figure 2F ). Taken together, this would allow for a comprehensive investigation of environmental deflection as a mediator of exposure-induced disease.
Although there are a number of advantages to animal model studies, they remain expensive, time-consuming, and bring with them a host of ethical concerns. In contrast to animal studies, human stem cells provide an in vitro method for capturing epigenome dynamics during cellular aging. A recent review of research investigating stem cells and aging indicates that the epigenome of human stem cells changes with age, showing patterns of hypo/hyper-methylation that may affect stem cell function (Goodell and Rando, 2015) . As a specific example, recent research showed a bimodal pattern of age-dependent epigenome dynamics in CD34 þ hematopoietic progenitor cells-separate de novo methylation events and hypomethylation of differentiation-related genes (Bocker et al., 2011) . These results show that human stem cells display an aging epigenome phenotype that is analogous to differentiated tissue cells, suggesting a high degree of utility for stem cells in future aging epigenome studies. Along with research on DNA methylation, there is a need to evaluate environmental deflection in other epigenetic modifications-eg, chromatin state. Recent research has shown that histone marks (ie, H3K4me3, H3k27me3) and chromatin status (heterochromatin vs. euchromatin) are altered with age (Maleszewska et al., 2016; O'Sullivan and Karlseder, 2012) . To investigate how age-related changes in chromatin structure interact with DNA methylation and the environment during aging, future studies could investigate longitudinal chromatin state in animal exposure models using repeated Assay for Transposase Accessible Chromatin with high-throughput sequencing (ATACseq) experiments across the life course. Integration of this type of data with longitudinal epigenome-wide DNA methylation and/or histone modification (eg, ChIP-seq) data would allow for a more complete picture of the aging epigenome.
In addition to chromatin state, future aging epigenome studies should also investigate the effects of both aging and the environment on 5-hydroxymethylcytosine (5-hmC). Although traditional bisulfite sequencing approaches do not distinguish 5-hmC from 5-methylcytosine (5-mC), newer technologies-eg, hydroxymethylated DNA immunoprecipitation sequencing (hMeDIP-seq)-are able to specifically measure epigenome-wide 5-hmC levels (Tan et al., 2013) . Recent studies have shown that 5-hmC is a stable epigenetic mark enriched at transcription factor binding sites, enhancer regions, and gene regions, but depleted at promoter regions, suggesting a complex role as both a positive and negative regulator of transcription (Stroud et al. 2011; Wu et al., 2011; Hahn et al., 2014; Li et al., 2016) . Supporting its role as a regulatory mark, studies have shown that the global loss of 5-hmC is associated with cancer development (Pfeifer et al., 2013) , and that 5-hmC is enriched in differentially methylated regions associated with cancer (Li et al., 2016) . Active processing of 5-mC to 5-hmC occurs via a Ten-eleven translocation (TET) methylcytosine dioxygenase-mediated oxidative pathway (Shen et al., 2014) , and previous studies show that exposureinduced oxidative stress can alter both TET enzyme levels (Coulter et al., 2013) and global hydroxymethylation (Delatte et al., 2015) . A recent study in mice showed effects of both alcohol exposure and age on global hydroxymethylation (Tammen et al., 2014) , suggesting that DNA hydroxymethylation may also exhibit patterns of environmental deflection. Given that DNA methylation and DNA hydroxymethylation can have distinct directional associations with transcription , the environmental deflection of either the methylome or hydroxymethylome could have disparate, long-lasting effects on phenotype.
CONCLUSION
In this review, we proposed a new term-environmental deflection-that refers to environment-or toxicant-mediated shifts away from the baseline rates of age-related methylation or epigenetic drift within an organism. By operating through an epigenetic mechanism, environmental factors may impact long-term gene regulation via environmental exposures at sensitive windows of the life course. Thus, environmental deflection of the aging epigenome may underlie the apparent delay between developmental exposure and biological effects later in life, providing further support for the DOHaD hypothesis. A small number of reports, including non-twin human cohort studies and animal model studies, now indicate that exposure to environmental factors can alter the rates of age-related methylation and epigenetic drift across the life course. To further investigate the impact of environmental deflection, we have introduced and described theoretical manifestations of environmental deflection and summarized human and animal studies that support this phenomenon. Toxicant-sensitive epigenetic phenomena that interact with normal aging may help to explain the growing prevalence of chronic diseases in human populations, demonstrating that longitudinal measures of the epigenome should be considered when designing future toxicoepigenetics studies. 
